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Abstract 
Laser micromachining with the use of liquid immersion allows debris control. Use of 
an immersion technique potentially modifies the ablation mechanism when compared 
to laser material interactions in a medium of ambient air. Equipment has been 
developed to allow feature machining under a controllable liquid film and thereby 
elucidate and quantify and changes in feature topography caused. The findings of this 
study revealed that immersion of bisphenol A polycarbonate samples in closed thick 
film flowing filtered water during KrF excimer laser ablation markedly altered feature 
geometry, waviness and roughness laser machining in ambient air. Feature geometry 
definition improved with flow velocity. Waviness was found to be less regular and 
less predictable and roughness became fluence dependant. Variation of flow velocity 
during immersion resulted in modification of the surface waviness: an optimum flow 
velocity exists, producing maximum waviness. Surface roughness displayed a power 
law relationship with flow velocity. These observed effects are explained through 
examination of the flow – plume interaction: closed thick film flowing filtered water 
immersion caused a combination of photomechanical etching promoted by plume 
confinement, laser etching and plume distortion by rapid flow velocity. Furthermore, 
the influence each of these interactions varied depending on the flow velocity. This is 
not an eventuality possible when using an open thin film immersed laser ablation 
technique: film rupture and splashing limited the plume etching contribution to the 
confined laser ablation process. It is apparent that the changes to feature geometry, 
waviness and roughness observed when KrF excimer laser machining under closed 
thick film flowing filtered water were brought about directly by the immersion, rather 
than by variations in fluence level. 
Introduction 
If all mediums through which electromagnetic radiation pass present resistance to 
progress dependent upon medium characteristics and wavelength [1], then the use of 
liquid to cover a material during ablation will result in added complexity to the beam 
path. The light must pass from the de-magnifying optic, into ambient air, then into the 
liquid before colliding with a sample surface, where after the beam should reach 
focus. At every medium interface the beam will encounter changes in refractive index, 
modifying the focal length of the de-magnified beam. The addition of an extra 
medium interface by the inclusion of a liquid in the machining system poses increased 
complexity for calculation and maintenance of a focal point. Added to this, any 
rippling of the liquid surface is likely to generate localized de-focusing of the beam, 
with a drastic effect on the surface topography of the sample. 
Various laser beam characteristics will affect the macroscopic or microscopic 
topography of a machined feature separately or in concert [2]. This topography can be 
measured as surface waviness and surface roughness respectively. Laser beams 
generated by excimer lasers do not have a single phase at the wavefront, resulting in a 
naturally uneven ablation rate across the area of the beam [3]. This effect will vary 
from pulse to pulse, resulting in an averaging of the surface over a number of shots at 
a roughness scale, but may be important for surface waviness. Macroscopic beam 
shape is a characteristic maintained from pulse to pulse; determined by the laser 
geometry, it can be partially corrected by use of homogenising optics [2]. Therefore, 
macroscopic beam shape irregularities will result in an increase in surface waviness 
over ‘n’ laser pulses. 
The ablation mechanism is critical to the surface roughness of a laser machined 
surface: photochemical ablation instantly converts solid to gas [4-7]; photothermal 
generates melt by heat [8] and the related thermal expansion gives rise to 
photomechanical (acoustic) material fracture and removal [9, 10]. The contribution 
given to the ablation mechanism for a specific beam-material interaction has been 
modelled [11]. All of these mechanisms will produce differing surface profile 
characteristics at a microscopic scale [12, 13]. According to Yang [14], the ejection of 
material is also governed by the ablation mechanism; the mechanical, thermal and 
chemical properties of the medium surrounding the ablation plume have a significant 
impact upon the expansion of the plume and therefore the conditions within it. Indeed, 
Fabbro et al. [15], Zhu et al. [16] and Elaboudi et al. [17-19], have all reported that the 
ablation properties of materials immersed in standing liquids show significant contrast 
to similar ablation attempted in a medium of ambient air. 
Previous work into liquid immersed ablation [14-22] has proven the possibility of 
laser machining through both thin and thick films of immersing liquid. Film thickness 
has been found to dominate the ablation rate and ablation threshold [16] and an 
optimum film thickness of 1.1 mm was found. Recently Elaboudi et al. [17-19] have 
conducted experiments using 248 nm excimer pulsed radiation to ablate polymer 
targets including polycarbonate. These results provide support for the findings of 
previous authors: the ablation threshold decreases when using liquid immersion 
(Elaboudi et al. use ultrapure water) compared to traditional ablation in ambient air; 
mechanical interactions driven by thermal evaporation are primarily responsible for 
the ejection of debris material. Typically debris generated had a diameter of 50 nm 
and a chemistry close to that of the original material, supporting a “cold” or 
photomechanical removal mechanism. Another theory postulated by Elaboudi et al. 
[19] is that some debris is generated by a hydrolysis reaction for immersed PET 
ablation, in addition to photochemical degradation as an explanation for the decreased 
ablation threshold of the PET when immersed in ultra pure water. Lapczyna and Stuke 
[20] have shown that air bubbles trapped within a liquid medium can be used to mask 
specific areas on a substrate to be machined for the production of fine mesa structures 
with high surface smoothness. This process relies upon the attenuation of the air 
bubble trapped in the locating liquid to significantly diffract and refract the beam over 
a specific location [20]. The implication of introducing an immersing film of open or 
closed liquid flowing across the top of a sample to be machined on the surface 
topography of the resultant machined sample is not explored in the literature. 
Open thin film laminar flowing DI water immersion during excimer ablation of 
bisphenol A polycarbonate has been demonstrated by Dowding and Lawrence [21] for 
ablation generated debris control and the implications of this technique on the ablation 
rate and ablation threshold have been documented for the open flowing technique 
[22]. This work showed that modifications in surface topography were the result of 
immersion and not simply by variations in fluence level. Surface topography 
characteristic modification or increased debris control could yield benefits for micro 
lens array manufacture, where profile accuracy and light diffusivity is critical [23]. 
The open thin film laminar flowing DI water immersion technique pioneered by 
Dowding and Lawrence has limitations insofar as surface rippling caused 
inconsistent, large surface topography [24]. This paper will explore the implications 
of confining the boundaries of the immersion fluid used in the work described above. 
This way the action and effect of ablation plume motivated rupture and splashing of 
the immersing film  on the feature generated topography produced by closed thick 
film flowing filtered water KrF excimer laser ablation. 
Experimental Procedures 
Bisphenol A polycarbonate (Holbourne Plastics, Ltd), was as received in 1200 x 1000 
mm2 sheets of 0.5 mm thickness. Prior to excimer laser processing, the bisphenol A 
polycarbonate sheet was cut into rectangular sections of 8 x 12 mm2 using scissors - a 
shear cutting technique which avoids production of debris. Protective cover sheets 
were then peeled off each sample. 
Material Details 
For both closed flowing thick film filtered water immersion and ambient air 
processing, an excimer laser (LPX200; Lambda Physique, GmbH) using KrF as the 
excitation medium was used to produce a beam with a wavelength of 248 nm. 
Thereafter, the beam was supplied to a laser micromachining centre (M8000; Exitech, 
Ltd), where it was passed through a stainless steel mask to produce a 201 x 203 µm2 
rectangular image. The masked beam was then de-magnified through a 4x optic 
(Francis Goodhall, Ltd) to produce an ablation spot with a depth of focus (DoF) of 6 
μm. A profile, given in Figure 1, of the masked beam was obtained using a beam 
profiler (SP620U; Spiricon, Ltd) and shows that the beam shape had an even 
distribution across the x-z plane and y-z plane. 
Laser Details and Experimental Set-Up. 
A sample included six machined sites, each produced using 50 pulses in the same 
machine run with uninterrupted filtered water flow over the sample during machining. 
The system attenuator was used to change pulse energy by a repeatable amount 
between sites. Attenuator positions used were: 0.5, 0.6, 0.7, 0.8, 0.9 and 1.0; Figure 2 
shows the corresponding fluence values measured using this mask, for ablation in 
ambient air and under filtered water immersion respectively, that produced features of 
203 x 205 µm2. This fluence data was calculated from pulse energy data taken using a 
pulse energy head (J50LP-2; Molectron Detector, Inc.) positioned above the focal 
point of the laser, and enumerated by a laser energy meter (EM400; Molectron 
Detector, Inc.). The fluence was calculated using the mean beam energy measured 
(averaging techniques were employed for experimental rigour: beam pulse energy was 
recorded five times before and after machining each sample, every value recorded 
was the mean value measured over 100 pulses - between readings the attenuator was 
reset to account for attenuator position errors) so that any changes in laser output over 
time were accounted for. 
Samples machined in ambient air were produced using the same laser and 
micromachining equipment as the closed flowing thick film filtered water immersion 
ablation samples. The bisphenol A polycarbonate samples were mounted directly to 
the vacuum chuck inside the micromachining station (M8000; Exitech, Ltd.). After 
lasing ended the sample was removed and placed into the cell of a sealed sample tray 
to protect them from atmospheric dust. 
Ambient Air Laser Processing 
Figure 3(a) describes the critical experimental layout of the sample once clamped 
inside the flow rig, which was mounted to the side of the sample vacuum chuck of the 
laser micro-processing centre (M8000; Exitech, Ltd.). The sample was positioned in 
the centre of the flat aluminium table between the water supply and exit holes. The 
sample was retained by a recess in a spacer plate (to provide a 1.5 mm thick water 
film) that lay in contact with the aluminium sample table. An O-ring cord, located by 
a rectangular groove in the sample table, provided a seal between the sample table and 
the spacer plate. On the top of the spacer plate a second oval O-ring groove was 
machined to locate another O-ring cord. This acted as a gasket between the spacer 
Closed Thick Film Filtered Water Immersion Laser Processing Procedure 
plate and the beam window – a 25 x 25 x 5 mm3 ultra-violet (UV) grade fused silica 
sheet (Comar Instruments, Ltd). The beam window was retained by a diamond shaped 
recess in a third aluminium plate, 8 mm in thickness to provide stiffness to the whole 
sandwich.  
Figure 3(b) shows the water filtering and supply system. Water originated from 
normal mains supply by wall tap. The water was poured into a domestic water filter 
(Britta, Inc.) situated at the top the water supply assembly to remove typical corrosive 
elements present in mains water. The water was then retained in a header tank located 
above the pump and, under the action of gravity, was forced into the 700 W pump 
chamber (CPE100P; Clarke Power Products, Ltd.). The pump forced the water 
through a water flow-rate meter (FR4500; Key Instruments, Inc.) and then along a 3 
m distance through a 6 mm outer diameter nylon tube to the inlet push-in elbow 
fitting on the bottom of the sample table. Last, the water was returned along a further 
3 m through a 6 mm outer diameter nylon tube to a collection bucket. The pump was 
capable of producing 4.2 bar at the outlet, equating to a maximum flow velocity 
through the ablation chamber of 3.89 m/s, given losses along the supply and return 
tubing. Precise control of the flow velocity was provided by a variable valve of the 
flow-meter. Flow velocities of 0.11, 1.85 and 3.70 m/s were used for this work; the 
flow rates used to achieve these flow velocity values were 0.06 l/s, 1 l/s and 2 l/s 
respectively. 
To examine the surface roughness and waviness of the machined samples a selection 
of samples machined in ambient air and under open thin film flowing DI water 
immersion were selected. Each sample was then vacuum coated with a thin layer of 
Al to ensure sample surface reflection. Thereafter the samples were placed into a 
Sample Analysis Techniques 
white light interferometer (WLI) (New View 5000; Zygo, Corp) to measure the 
surface roughness using a camera resolution of 640 x 480 pixels, imaged through 
magnifying optics of 10x. Thus, each sample analysed has an area of  approximately 
250 μm2. Software (Mountains; Taylor-Hobson, Ltd) was used to process and 
interpret the raw data generated. The samples were compared by means Robust 
Gaussian elimination to separate data waviness and roughness signals. Waviness 
specifies the macroscopic drift from a planar ideal and roughness specifies the 
microscopic drift from the planar ideal. All data was levelled in software, using the 
un-machined sample surface as a reference plane; this action reduces the interference 
of data slope with waviness results. The areas investigated must be large enough for 
the cut-off filter between surface roughness and waviness to be implemented, but 
small enough to fit independently inside the feature area. To achieve this, two 150 µm 
square regions of interest were selected from opposite corners of the bottom surfaces 
of the machined areas of the samples. It is this data that has been examined and will 
be reviewed in this work. This technique provides data to guard against anomalous 
values being generated from a sample.  
A Gaussian data sampling filter of 8, 16 and 32 µm was used. The use of these filters 
allowed differentiation between microscopic roughness and macroscopic waviness 
deviations from the planar average. Use of differing sampling filters takes the idea 
that the definition of the scale of roughness and waviness of features can change 
dependent on user requirements into consideration. The route mean square (RMS) 
amplitude value in µm is quoted in this work for waviness (Wq) and roughness (Rq) 
as a measure of the deviation from the planar average. These values are calculated 
from four separate samples machined and analysed separately to guard against error. 
Results and Discussion 
In the first instance it is worth inspecting the trends generated by the three filters used 
to determine the use of each data set and also gain an understanding of the scales of 
surface morphological features produced by both KrF excimer laser ablation in 
ambient air and under closed thick film flowing filtered water immersion. This is a 
logical test for the data collated and is conducted here in the same way as it has been 
previously [24]. Figure 4(a) plots the mean RMS surface waviness measured at the six 
laser fluences used in ambient air. As one can see, all three plots produce similar 
trends; however, the plot taken for the 32 µm roughness – waviness cut-off filter 
shows a markedly exaggerated plot, suggesting that the surface waviness of features 
above 32 µm varies from that of deviations with smaller undulation area. All three 
filters display a similar outlying data point for 675.2 mJ/cm2 that appears large. 
Critically, filter size is inversely proportional to undulation amplitude; this is as one 
would expect because less undulation wavelength is available for surface elevation 
change when using a small filter. Figure 4(b) plots the mean average of mean RMS 
surface waviness data at the six beam fluences used under closed thick film filtered 
water immersion flowing at the velocities of 0.11, 1.85 and 3.70 m/s. The trends 
demonstrated by this data are more similar across all filters than for the data collated 
for ablation in ambient air. Although the 579.9 mJ/cm2 data point appears to be high 
with respect to surrounding points for all three filters. The high fluence waviness data 
for ablation in both ambient air and under closed thick film flowing filtered water is 
irregular, thus it would appear that high fluence laser ablation causes unpredictable 
large wavelength undulation surface topography. For further progression of this work, 
Effects of closed thick film flowing filtered water immersion ablation on feature 
waviness 
data will be interpreted from the 16 µm waviness-roughness filter cut-off, as this data 
demonstrates a good representation of the trend offered using all three filters. 
Visual inspection of three dimensional WLI collated magnified models of two 
samples produced using the beam fluence of 580.7 mJ/cm2 for KrF excimer laser 
ablation in ambient air, as shown in Figure 5(a), sets a benchmark for definition of 
machined geometry. The wall angles produced are high, as indicated by the cross 
sectional profile shown in Figure 5(a), and were measured to have a mean wall angle 
of 82.1°. The feature floor in Figure 5(a) is close to level; however, it is noticeably 
convex. KrF excimer laser ablation using a beam with a fluence of 617 mJ/cm2 under 
closed thick film filtered water immersion flowing at 0.11 m/s, shown in Figure 6(b), 
the geometry is markedly less crisp and the feature floor is 1.6° from level, and the 
wall draft angles are significantly lower, averaging 66.2°. Ablation taking place in a 
flow velocity of 1.85 m/s (see Figure 5(c)) produced a feature with improved 
definition to geometry over the 0.11 m/s flow velocity feature (see  Figure 5(b)) and 
has a floor angle of 1.2° and an average wall angle of 81.6°. Ablation under a flow 
with a velocity of 3.70 m/s results in a feature that has the finest geometry achieved in 
this work, as can be seen in Figure 5(d). This feature has a floor angle of just 0.5° and 
none of the floor curvature observed in Figure 5(a) for the samples machined in 
ambient air. Also, the wall angles achieved using 3.70 m/s flow velocity were the 
highest recorded, at 84.4°. These results illustrate that the feature geometry is affected 
by use of differing media surrounding the ablation event, with increased viscosity 
resulting in decreased feature geometry definition. This is proposed to be caused by 
the significantly increased contribution of plume etching promoted by the 
confinement of the laser ablation plume when immersed in viscous media [15-19]. 
This work also demonstrates that both the geometrical definition and wall angles of 
features machined are proportional to flow velocity. 
Profile waviness values were calculated using the cross sectional profiles for each 
feature given in Figure 5 and used in combination with values taken from similar 
samples to reduce error. KrF excimer laser ablation using a fluence of 580.7 mJ/cm2 
in ambient air was measured to have a mean waviness magnitude of 87.2 nm in Figure 
5(a). Features machined using a KrF excimer laser beam with a fluence of 617 
mJ/cm2 under closed thick film filtered water flowing at 0.11 m/s was measured to 
have a waviness of 214 nm, reflecting the poor geometry definition generated using 
this flow velocity in Figure 5(b). Using a flow velocity of 1.85 m/s resulted in profile 
waviness of 121 nm in Figure 5(c) and using 3.70 m/s flow velocity gives a similar 
mean profile waviness of 115 nm in Figure 5(d). Both 1.85 m/s and 3.70 m/s flow 
velocities lie in the turbulent flow regime for the cross sectional geometry of the 
equipment used, and the waviness is measured to be markedly lower than that 
produced using the laminar regime flow velocity of 0.11 m/s. As well as the flow 
parameters, it is worth considering the ratio between the displacement of a single 
point in the mean flow over the duration of a laser pulse with respect to the 
dimensions of the feature being machined (in this case having a traverse length of 203 
µm for any flow over it); such a comparison gives the liquid volume refresh rate. In 
the laminar regime, the liquid volume refresh rate is significantly lower than that 
achieved at the turbulent regime; thus when using laminar flow velocities, debris 
generated by a previous pulse could interfere with optical path of a following pulse, 
causing localized high beam attenuation and therefore increased surface waviness that 
would be feature geometry specific. Furthermore, the flow velocity of a fluid with the 
viscosity of water (approximately two orders of magnitude more viscous than ambient 
air) will impact the geometry of the ablation plume. This could result in mere 
compression of the plume at laminar flow velocities and total destruction and removal 
of the plume at high flow velocities. This is an idea raised and proposed in previous 
contributions [25, 26]. Another noteworthy outcome of this data is the significant 
improvement in machined feature geometry definition using the closed thick film 
flowing technique over that achieved using an open thin film flowing immersion 
technique [24]. 
Further detail can be gleaned by plotting the relationship between surface waviness 
and fluence. Figure 6 shows this relationship, where KrF excimer laser ablation in 
ambient air was much more regular and predictable than that produced by a similar 
beam under closed thick film flowing filtered water at any flow velocity. Although the 
waviness values returned when using the slowest closed thick film filtered water 
immersion flow velocity of 0.11 m/s were the lowest of those produced using filtered 
water immersed ablation (the mean waviness value returned across all fluences was 
8.3% lower than that generated by ablation in ambient air), the features machined 
using this low flow velocity produced the least consistent data. The highest mean 
waviness generated over all fluence values tested was by the flow velocity of 1.85 
m/s, at 346 nm. The flow velocity of 3.70 m/s produced the most consistent plot of the 
three immersed samples, as can be seen in Figure 6. The mean waviness amplitude 
generated at this flow velocity was 323 nm. Also, the data for the two flow velocities 
in the turbulent regime reflect an agreeing trend: waviness was proportional to 
fluence. The plots in Figure 6 for immersed ablation also indicate that surface 
waviness with respect to fluence is proportional to flow velocity. This is proposed to 
be due to decreasing impact and interruption to flow geometry by the explosive nature 
of the laser ablation plume as flow velocity was increased. This is a logical 
interpretation, as increased velocity will result in increased liquid volume passing the 
ablation plume area per second; thus, the ablation plume had a smaller disruptive 
effect on the flow passing it. 
In the same manner as used for surface waviness, the initial step to be taken must be 
to consider the relevance of the data collated. Figure 7(a) plots the mean  RMS 
surface waviness measured at the six beam fluences used in ambient air at 8, 16 and 
32 µm undulation length threshold values between roughness and waviness. The three 
plots show good agreement, suggesting the roughness morphology was measureable 
using all three filters and asperities were produced that have smaller area than 8 µm2. 
Figure 7(b) plots the mean average of RMS surface waviness data at the six beam 
fluences used under closed thick film filtered water immersion flowing at the 
velocities of 0.11, 1.85 and 3.70 m/s. This data shows the same agreement of trends 
that were witnessed in Figure 7(a); therefore, it can be said the immersion technique 
did produce surface morphology with an area lower than 8 µm2. This is a result in 
agreement with findings from KrF excimer laser ablation conducted under open thin 
film flowing DI water immersion [24]. Filter size is inversely proportional with 
undulation amplitude, which is in contrast to the relationship displayed by waviness 
filtering. This can be explained using the same undulation length logic: increased 
undulation distance provides greater scope for large variation in surface amplitude. 
Effects of closed thick film flowing filtered water immersion ablation on feature 
roughness 
Figure 8 shows four similar 3D reconstructions of WLI data viewed over an identical 
area of 81 µm2 and with visual topography amplification of 15%; thus, all four can be 
directly compared to assess relative surface roughness. The surface roughness of a 
sample produced using a beam fluence of 580.7 mJ/cm2 for KrF excimer laser 
ablation in ambient air, shown in Figure 7(a), is noticeably smoother than the surfaces 
shown in Figures 7(b), 7(c) and 7(d) for samples machined using a KrF excimer laser 
with beam fluence of 617 mJ/cm2 to ablate bisphenol A polycarbonate under thick 
film closed filtered water flowing at 0.11, 1.85 and 3.70 m/s respectively. The 
roughnesses of the three immersed samples appear to have similar amplitude; 
however, the surface area covered by asperities appears to be inversely proportional to 
fluid flow velocity. This observation from a 3D view is supported by inspection of the 
colour maps given in Figure 9, where surface height appears to change with more 
sharply at a flow velocity of 3.70 m/s, shown in Figure 10(d), than for the sample 
produced using a 0.11 m/s flow velocity, shown in Figure 10(a). This can be observed 
by inspecting the level of contrast between deep (dark) points and high (bright) points. 
The 3D image of the sample machined in ambient air, shown in Figure 8(a), clearly 
shows the large waviness undulations discussed in the previous section of this work. 
The rippled effect of surface melt, cited as a significant contributor to the ablation 
mechanism [8], is evident in the sample machined in ambient air, shown in Figure 
9(a). 
The relationship between mean RMS surface roughness and fluence is plotted for the 
four cases investigated in this contribution in Figure 10. This graph clearly shows the 
low level of surface roughness measured from the surface machined using KrF 
excimer laser ablation in ambient air compared to the significantly increased levels of 
fluence achieved using flow velocities of 0.11, 1.85 and 3.70 m/s under closed thick 
film filtered water immersion. The fit of the data plotted for ablation in ambient air is 
very regular close to a linear trend, as given in Figure 10. The gradients are of 
interest; the projected fluence required to produce a surface roughness with zero 
amplitude when using closed thick film immersed ablation flow velocities of 0.11, 
1.85 and 3.70 m/s were -769, -21.29 and 38.75 mJ/cm2 respectively. Since the data 
collated at the laminar flow velocity has already been stated to appear unstable, the 
value for this flow velocity can be disregarded. This leaves two values that are 
sufficiently close to zero as to be regarded as having origin intercepts. Hence the trend 
lines plotted in grey in Figure 10 have been plotted to intercept the origin. Doing this 
shows that the gradient (which represents the rate of increase in surface roughness 
with respect to fluence) has a power law proportionality to flow velocity: The increase 
in gradient from 0.11 to 1.85 m/s (an increase in velocity of 1.74 m/s) is  much greater 
than the difference between 1.85 and 3.70 m/s (and increase of 1.85 m/s). This 
supports the ideas proposed in previous work [25, 26], where the nature and result of 
the ablation plume was defined by the velocity of the flow passing it. 
It has been shown that ablation in air is a complicated interaction between a number 
of contributing  etching mechanisms [4-10]. Of these, the one that is of interest and 
has been proven to exist is that of photomechanical etching [9, 10]. This etching 
mechanism is dependent on beam fluence, beam wavelength (as the internal stresses 
causing acoustic type stress that are termed “photomechanical” are claimed to be 
initiated by thermal load), pulse duration and substrate chemistry when machining in 
vacuums or low viscosity media such as ambient air [10]. In ambient air, the laser 
initially couples with the material surface without interruption. An ablation plume 
then develops rapidly between the sample surface and the laser source for the 
remaining duration of the laser pulse. The low viscosity of air allows the plume to 
expand almost without constraint; thus, the shock on the surface is minimal and the 
course, highly accurate photomask defined removal of the raw beam was hardly 
Closed thick film flowing filtered water immersion and the effects thereof on 
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effected by the mechanical rupture action of the ablation plume. As a result the 
surface waviness and roughness were low and the geometric accuracy of the 
machined feature was assured. 
The use of increased viscosity media added another critical component to this recipe: 
ablation plume pressure [15]. The action of a viscous medium, such as filtered water, 
as used in this contribution, acted to suppress the expansion of the ablation plume 
during and after the laser pulse. This meant that similar levels of evaporate and gas 
are contained in a smaller volume when machining under a liquid immersed sample 
than when machining in ambient air, where the plume can expand more freely. This 
resulted in increased plume pressure by a level that can be calculated using the work 
of Berthe et al. [27]. In the case of filtered water, where shock impedance is 
approximately 3500 times greater than ambient air [28], this increase was 
approximately a multiple of 70 in pressure over laser ablation in ambient air. Previous 
work by Dowding and Lawrence using open thin film regime flowing DI water 
immersion of laser ablation resulted in film rupture and splashing [21, 22, 24]. Using 
a closed thick film immersion regime prevented this rupture and splashing, in turn 
causing an increase in ablation rate and threshold [16]. Conversely, the application of 
flow velocity control caused noticeable variation in ablation rate and a fluence [25, 
26]. This was proposed to be due to flow-plume interaction. 
At the laminar flow velocity used in this work, the distorting drag force applied to the 
plume by the passing flow of filtered water was minimal and thus the 
photomechanical contribution was large. This high pressure gas strongly attenuated 
the beam by various means: Rayleigh scattering, Mei scattering, Inverse 
Bremsstrahlüng interactions and debris interception of the incoming light all 
contributed, limiting the impact of laser etching on the surface of the sample as 
indicated by the large compound bulge shaded in grey in Figure 12. The water 
immersed plume, unable to expand in the same manner as in air, aggressively attacks 
the surface of the material resulting in increased surface roughness over the sample 
machined in ambient air, where photomechanical etching can only occur briefly. The 
dense plume also protects the feature from further attack by the raw laser beam. 
As the immersing fluid flow velocity was increased to a turbulent regime, the drag of 
the flow on the plume distorted the plume in proportion to the flow velocity. 
Distortion of the plume in the flow afforded the beam a shorted traverse distance 
through the highly attenuating plume, increasing the level of laser etching taking 
place per pulse and consequently increasing the exposure of the feature to the laser 
beam with less plume masking to soften its profile. Also the plume is not removed by 
the flow, but is merely distorted, causing further coarse material removal by means of 
compressed plume etching as indicated by the continued growth in size of the plume 
etching contribution Figure 11. This explains the large roughness values witnessed in 
figure 10 for the closed thick film filtered water immersion velocity of 1.85 m/s. 
At 3.70 m/s drag on the plume was so great as to have begun complete removal of the 
plume (that act to partially mask the feature from the beam, with a softening effect) 
before the 25 ns pulse has ended. This allowed maximum laser etching of the surface 
as proposed previously [25]. Simultaneously, no plume etching can take place as the 
plume is removed too rapidly. This should have resulted in a vastly reduced 
photomechanical etching process and therefore a similar level of surface roughness to 
that achieved in ambient air. This has not been indicated by the results of this study; 
however, the surface roughness of 3.70 m/s features is reduced markedly from the 
level measured from the 1.85 m/s features, suggesting that the combination described 
schematically to the right of Figure 10 is occurring. It is proposed that further increase 
to the flow velocity will result in further reduction to the measured surface roughness 
as the plume is more efficiently removed by the high speed immersing liquid. This 
scenario also explains the peak waviness reported by this work, as plume etching 
should have a less defined profile than a laser beam. 
Conclusions 
All data collated using WLI techniques and interpreted using filters of 8, 16 and 32 
µm was shown to possess similar trends which would suggest that KrF excimer laser 
machining of bisphenol A polycarbonate in both mediums of air and under thick film 
flowing filtered water generated features with undulation spacing less than 8 µm and 
that the data collated was reliable for analysis. High fluence machining is highlighted 
to produce less regular surface waviness than lower laser beam fluence machining. 
Feature geometry was shown to vary greatly between medium. In ambient air, 
machining bisphenol A polycarbonate with KrF excimer laser pulses at a mean 
fluence of 580.7 mJ/cm2 produced a relatively well defined feature that exhibited 
high wall draft angles of 82.1°; however, it had a noticeably convex bottom surface 
which was aligned close to parallel with the sample surface. Using a mean KrF 
excimer laser pulse fluence of 617 mJ/cm2 immersed in closed thick film filtered 
water flowing at a laminar flow velocity of 0.11 m/s resulted in a poorly defined 
feature by comparison: having a floor slant angle of 1.6° from the sample surface and 
low wall draft angles of 66.2°. Increasing the filtered water flow velocity to a 
turbulent 1.85 m/s resulted in a reduction of floor slant to 1.2° and increased wall 
draft angle to 81.6°. Doubling the flow velocity. to 3.70 m/s produced features with 
high definition, greater even than those produced in ambient air. These displayed near 
negligible feature floor slant at 0.5° and draft angles greater than those achieved in 
ambient air at 84.4°. The poor performance of the low flow velocity flow can be 
explained by the interaction of photomechanical etching; this was superseded by 
increasing flow velocity, distorting the ablation plume: reducing plume etching and 
promoting laser etching which offers greater geometric definition. 
The surface waviness, defined as macroscopic surface topography, was found to differ 
dependant upon the medium surrounding the ablation interaction; furthermore, the 
flow velocity of the medium in the case of closed thick film filtered water immersed 
KrF excimer laser ablation of bisphenol-A polycarbonate was shown to be critical. 
Six fluences of similar magnitude were used for machining in ambient air and under 
liquid immersion: ranging between 334.8 to 769 mJ/cm2 and 306.8 to 644.8 mJ/cm2 
respectively. Machining in ambient air resulted in the most consistent waviness data. 
Using the laminar regime flow velocity of 0.11 m/s during closed thick film filtered 
water immersion resulted in the least consistent data. At this low flow velocity, the 
mean waviness of samples machined across all fluences was 8.3% lower than that 
machined in ambient air, although the irregularity of the data collected must temper 
the promise of this result. A peak mean waviness amplitude was measured for the 
flow velocity of 1.85 m/s, 23 nm greater than that measured from the samples 
machined using a flow velocity of 3.70 m/s. A likely cause for this trend can be take 
from the flow – plume interaction theory. The photomechanical etching mechanism, 
contributed to by viscous fluid compression of the ablation plume, is modified by 
flow rate: Low flow rates were limited by beam attenuation effects and high flow 
velocities destroyed the plume, preventing a plume etching contribution; an 
intermediate flow velocity offered distortion to the plume, minimizing beam 
attenuation by the plume whist still supporting plume compression. 
A significant variation in trend from that produced by KrF excimer laser ablation in 
ambient air was achieved when using closed thick film flowing filtered water 
immersed ablation. The roughness generated in ambient air appeared unconnected to 
beam fluence. The plume generated at the start of a laser pulse went on to slightly 
shield the sample from the raw beam for the duration of the rest of the pulse; thus, 
softening its profile and resulting in the low surface roughness values measured 
coupled to the high geometric definition of the overall feature shape. This is in 
marked contrast to the immersed ablation case where roughness was clearly 
dependent upon laser fluence. Moreover, the significance of fluence on the feature 
roughness was proportional to immersion medium flow velocity. This relationship 
appeared to follow a power law, as the difference between the ratio that described 
roughness amplitude with respect to fluence for 3.70 and 1.85 m/s was significantly 
smaller than that displayed between 1.85 and 0.11 m/s. The flow – plume interaction 
cited in this work offers an explanation: laminar flow velocity suppressed plume 
expansion without plume distortion by flow drag interaction. Laser energy arriving at 
the sample was limited by means of attenuation effects. This way, the plume volume 
was restricted, directly limiting the plume etching component. Then, with increased 
flow velocity and corresponding drag on the plume, plume distortion was larger, 
which reduced the path distance through the plume for the beam resulting in a 
reduction to beam attenuation. Plume motivated photomechanical etching was still 
supported at this flow velocity as the plume was still intact. These two factors caused 
the resultant increase in roughness witnessed, as the mechanical etching process 
operates through material rupture and the raw beam profile of the laser was softened 
by a reduced margin by the distorted plume. Further increase to flow velocity 
removed the plume during the duration of the laser pulse. This exposed the sample to 
coarse removal of material by laser etching without the masking normally provided by 
the plume. 
The removal of the possibility for immersion film rupture and splashing afforded by 
the use of a fully enclosed duct system, employed for this work, has resulted in the 
flow-plume interactions which are a newly proposed interaction. If splashing had 
occurred (as occurred for open thin film immersion techniques) this would not have 
been possible, as the plume etching contribution to material etching would have been 
seriously limited by immersion film rupture. 
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closed thick film immersion flowing at 0.11m/s, (c) under closed thick film 
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Figure 9: Greyscale maps showing the small scale surface topography (roughness) of 
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closed thick film immersion flowing at 0.11m/s, (c) under closed thick film 
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Figure 10 - Surface roughness (features lower than 16 µm in wavelength) against 
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